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Small-angle neutron scattering has been used to investigate the shear response of a low
molecular weightAyB homopolymer blend withA-B diblock-copolymer surfactant. In the pure
homopolymer limit, long-wavelength critical fluctuations are sheared apart and the flow stabilizes the
disordered phase. Above a threshold block-copolymer composition, however, these fluctuations becom
enhanced by the shear, implying that the flow has a destabilizing effect on the disordered phase
[S0031-9007(97)04737-6]

PACS numbers: 83.80.Es, 64.75.+g, 83.70.Hq
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In addition to providing practical insight into en-
hanced polymer miscibility, ternary homopolymer/copoly
mer mixtures offer a unique opportunity to study phas
transitions and ordering in soft materials under shea
This is particularly true of low molecular weight system
that exhibit strong critical fluctuations but still have re
laxation rates slow enough to respond to moderate flow
In pure homopolymer blends, it is well established th
long-wavelength critical fluctuations are sheared apa
in a manner that stabilizes the miscible or disordere
phase [1,2]. Fluctuations in disordered diblock-copolym
melts [3], however, are sheared apart in a way that i
duces ordering [4–7]. Between these two extremes, t
behavior is potentially quite rich and complex [8–12]
Here, we use small-angle neutron scattering (SANS)
study the shear response of low-molecular-weightAyB
homopolymer blends withA-B diblock-copolymer surfac-
tant. Above a threshold copolymer concentration, the da
show anenhancementof composition fluctuations under
shear, which is attributed to a shear-induced increase
the ordering temperature.

The materials are monodisperse blends of deutera
polystyrene (dPS) and polybutadiene (PB) with degre
of polymerizationNdPS ø 9 and NPB ø 92. The dPS-
PB diblock copolymer is also low-molecular weight
with NdPS-PB ø 45 1 92  137. All three components
are unentangled. As determined by transmission ele
tron microscopy (TEM), the melt copolymer is disor
dered at room temperature (25±C). Between 0% and
8.6% copolymer by mass, the spinodal temperature
a function of homopolymer content was measured wi
temperature-jump light scattering, from which we obtai
the critical homopolymer composition and critical tem
perature as a function of copolymer composition [13
The mixtures used for SANS contained 0% [fdPS 
0.70 and fPB  0.29, with TCa  s51 6 0.5d ±C], 3%
[fdPS  0.68, fPB  0.28, and fdPS-PB  0.03, with
TCb

 s47 6 0.5d ±C], and 8.6% [fdPS  0.66, fPB 
0.24, and fdPS-PB  0.09, with TCc  s35 6 0.5d ±C]
copolymer at critical homopolymer compositions, wher
f is the volume fraction. We also studied an analogo
set of mixtures in which only the diblock was deuterium
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labeled [14]. Small amountssfAO  0.01d of antioxidant
were added to all of the samples.

Quasistatic light scattering was also used to measure
time evolution of the spinodal instability in the vicinity of
the quiescent critical point [13]. From this, we obtain
the spinodal-peak positionqm and intensityIsqmd as a
function of time after shallow quenches just inside th
unstable region. At fixedTCi

2 T , we observe the late
time power lawsqmstd , t2a and Isqmd , q2d

m , t3a

with a ranging from 1 in the pure blend to12 in the 8.6%
copolymer sample, implying that the diblock significantly
inhibits the onset of a hydrodynamic growth regime
The suppression of hydrodynamic effects with increasin
copolymer content suggests that the coupling betwe
composition and velocity fields decreases in strength wi
increasing copolymer composition, which should strong
influence the shear response of the mixture.

The SANS measurements were performed at the N
tional Institute of Standards and Technology using a Co
ette shear cell that is described elsewhere [15]. Th
temperature was controlled to60.2 K and measurements
were taken in the miscible (disordered) phase near t
equilibrium stability limit Tcs0d. The geometry of shear-
ing is in the x-y plane with the flow in thex direction
and the velocity gradient in they direction. Neutrons in-
cident along they axis were scattered by the sample an
a two-dimensional detector measured the scattering inte
sity in the x-z plane. The data were first averaged ove
angular sectors parallel and perpendicular to the flow
detect anisotropy. In all cases, the response was isotro
and the data were azimuthally averaged. Multiple scatte
ing is negligible and the background-corrected intensi
is proportional to the structure factorSsq, Ùgd  kcqc2ql,
where csrd  fsrd 2 fc is the order parameter and
Ùg  ≠yxy≠y is the shear rate.

The random-phase-approximation (RPA) theory o
ternary homopolymer/copolymer mixtures is mean fiel
and, thus, inadequate for low-molecular-weight system
[16,17]. An isotropic response inSsq, Ùgd over theq range
probed by SANS is typically associated with a shift in th
stability limit [1]. For the all-PS-labeled mixtures,
the low-q miscible-phase scattering intensity was fit to
© 1997 The American Physical Society 4693
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the Ornstein-Zernike expression

Ssqd 
Ss0d

1 1 j2q2 (1)

to obtain Ùg dependent susceptibilitiesSs0d and correlation
lengthsj as a function of temperature. In the vicinity
of Tcs0d, the shear suppressed the low-q scattering in
the 0% and 3% copolymer samples. Such behavior
consistent with shear stabilization of thermal fluctuatio
as previously documented in homopolymer blends [1,1
In contrast, the shear enhanced the low-q scattering close
to Tcs0d in the 8.6% copolymer sample, as shown in Fig.

The shear-induced structure is evident inSs0d and j,
which decrease withÙg close to Tcs0d in the 0% and
3% samples, but increases withÙg close toTcs0d in the
8.6% sample, as shown in Fig. 2. Curvature in the i
verse susceptibility as a function of1yT indicates a break-
down of mean-field theory [3,18]. In the 8.6% copolyme
sample, this curvature decreases as the critical temp
ture is increased by the flow. At temperatures well abo
Tcs0d, the data from the 8.6% sample suggest shear sta
lization, as1ySs0d shows a slight shear-induced increas
[Fig. 2(b)]. Close toTcs0d, however, the destabilizing ef-
fect of the shear is quite dramatic, suggesting that the
duction of composition fluctuations by the flow drives th
system from Ising to mean-field behavior. The interfaci
contribution to the Ginzburg-Landau free energy is

FI 
1
2 k

Z
j $=cj2 dV . (2)

As shown in the inset of Fig. 1, the interfacial coefficien
k  j2ySs0d exhibits a 20% decrease between 3% a
8.6% copolymer [19]. TheT dependence is nonsingula
and k is insensitive to shear. Equation (2) models th
leading-order term in the free energy due to gradients
c . The decrease ink with increasing copolymer conten

FIG. 1. Shear-induced increase in the low-q scattering in-
tensity in the 8.6% copolymer all-PS-labeled sample. T
temperature (40±C) is 5 K aboveTcs0d. The lines are fits to
Eq. (1). The inset shows the interfacial coefficientk as a func-
tion of temperature and copolymer composition. The units a
expressed in terms ofKnRTcs0d, whereKn is the SANS contrast
factor between dPS and PB andR is the molar gas constant.
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implies that the free-energy cost of an order-paramet
gradient is reduced by the diblock.

Figure 3(a) shows theT dependence of the scattering
intensity in the equilibrium miscible phase of the 8.6%
copolymer block-only-labeled mixture. There was no
detectable structure in the 3% block-only-labeled sampl
The peak intensity and2pyqmax both increase asT !
Tcs0d. In contrast, the same copolymer concentration in
neutral solvent of dioctyl phthalate (DOP) is independen
of T [Fig. 3(b)], implying that fluctuations in copolymer
composition are coupled to long-wavelength fluctuation
in homopolymer composition. In the absence of thi
coupling, the scattering intensity approximates the form
factor of the partially labeled chains, and we model th
data in the Fig. 3(a) with

Isqd  Psqd
S0s0d

1 1 sj0qd2
, (3)

where Psqd is the average of the data in Fig. 3(b).
The structure factorS0sqd  IsqdyPsqd is then fit to a
Lorentzian to getS0s0d and j0, and typical Zimm plots
in the vicinity of Tcs0d are shown in the inset of Fig. 3(b).

In this interpretation, the peak in Fig. 3 is due to the
correlation-hole effect arising from the partial deuterium
labeling of the diblocks [20]. Dividing out the form factor
via Eq. (3) significantly reduces the curvature in Zimm
plots of inverse intensity vsq2 and gives a leading-order
description in terms of a Lorentzian structure factorS0sqd
that contains all of the temperature dependence. Th

FIG. 2. Shear response of (a)j vs T and (b)1ySs0d vs 1yT
for the 8.6% all-PS-labeled sample, where the error bars a
the size of the data markers. The temperature where1ySs0d
extrapolates to zero gives the stability limit, and the shea
induced increase inSs0d implies a shear-induced increase in
the critical temperature.
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FIG. 3. (a) Temperature dependence of the equilibrium sc
tering intensity in the 8.6% copolymer block-only-labele
sample. (b) These fluctuations are absent in a neutral solv
of DOP, which gives the partially-labeled-copolymer form fac
tor Psqd. The structure factorS0sqd  IsqdyPsqd is fit to a
Lorentzian (inset).

treatment is self-consistent, as theq range used in the
fitting is much less than2pyj0.

The quantity j0 measures the spatial coherence
copolymer composition fluctuations induced by critica
fluctuations in homopolymer concentration. It is rough
a factor of 5 smaller thanj and characterizes structura
correlations on the size of individual diblocks, as repr
sented schematically in Fig. 4. A comparison ofj0 and

FIG. 4. Schematic representation of block copolymer residi
preferentially at the diffuse interface of a homopolymer com
position fluctuation that elucidates the difference between t
two correlation lengthsj (all-PS-labeled) andj0 (block-only-
labeled).
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j as a function ofT 2 Tcs0d is shown in Fig. 5(a), where
j0 has been scaled by a factor of 3. The increase inj0

asT ! Tcs0d implies enhanced correlation, and is consi
tent with a physical picture in which the diblock reside
preferentially in regions wherej $=cj exhibits a maximum.
The saturation ofj0 in the vicinity of Tcs0d suggests that
the extent of these fluctuations is limited, which is cons
tent with the physical picture depicted in Fig. 4.

As shown in Fig. 5(b), the scattering intensity of th
8.6% block-only-labeled sample is insensitive to she
The inset shows the shear response ofj and j0 in the
vicinity of Tcs0d, where these two quantities have bee
reduced by theirÙg  0 values. The temperatures ar
5 and 1 K away fromTcs0d in the all-PS-labeled and
block-only-labeled samples, respectively [14]. The bu
correlation lengthj has been fit to

js Ùgd
js Ùg  0d



Ω
1 2 a

st Ùgd
1 1 st Ùgd

æ2n

, (4)

with fitting parametersa  0.6, t  0.7 s, andn  0.6.
Equation (4) is derived from an expression for the she

FIG. 5. (a) Log-log plot ofj0 and j vs T 2 Tcs0d. (b) The
scattering intensity of the 8.6% copolymer block-only-labele
sample is insensitive to shear, and the inset shows the sh
response ofj and j0 in the vicinity of Tcs0d, where the solid
line is a fit to Eq. (4).
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induced shift in the ordering temperature of copolym
melts [6]. That j0 is insensitive to shear implies tha
structural correlations in copolymer composition are st
ble against the flow. The shear-induced increase inj im-
plies that these transient, “micellelike” structures nuclea
homopolymer in the presence of the flow field. Below
threshold copolymer concentration, these structures la
interfacial integrity and are sheared apart.

In conclusion, we offer evidence for shear-enhanc
composition fluctuations in a low-molecular-weight ho
mopolymer blend with diblock-copolymer surfactant. Th
tendency for the block to enhance the stability of an inte
face under flow is reminiscent of shear-induced orderi
in pure diblock-copolymer melts. In a qualitative sens
one might envision an equilibrium line of critical points
as a function of copolymer content. It is well known tha
shear moves this line up in the pure-copolymer limit an
down in the pure-blend limit, and the results present
here suggested that the former effect emerges at a mo
copolymer composition of around 9%. The shear-induc
increase inj saturates in the strong-shear limit in a man
ner that is consistent with a high-Ùg plateau in the ordering
temperature, as predicted in the pure-copolymer limit
Cates and Milner [4]. In contrast to the original mode
coupling scheme of Onuki [21], the Cates-Milner the
ory does not incorporate hydrodynamics, suggesting t
subtle changes in the nature of the coupling betweenc

and the velocity field induced by the diblock might lie a
the foundation of this effect.

We acknowledge C. Jackson for assistance with t
TEM measurements, and A. Onuki, B. Lee, J. Dougla
M. Muthukumar, and C. Jackson for useful and enlighte
ing discussions and critical reading of the manuscript.
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